Abstract-This paper describes the design and development of an In-sole Plantar Pressure Device (IPPD) to measure underfoot pressure. Knowledge on underfoot pressure is important for different purposes. It is essential for doctors and clinicians to have information about underfoot pressure to enable them to diagnose foot problems. Currently, underfoot pressure ranges have not been effectively established, and there is insufficient information about the minimum and maximum values of underfoot pressure. Likewise, constraints with regard to the implementation of insole systems still persist and are represented by the need to put a spacer on the sensor during measurements, and the problem of sensor parameters changing after the calibration. These challenges are addressed in this work and preliminary results or performance of the proposed device are then presented.
INTRODUCTION
Foot plantar pressure systems are used extensively to measure the pressure pattern underneath the human body so as to provide valuable information about the structure and function of the underfoot pressure. Most underfoot plantar pressure systems are applied to solve problems with regard to gait and posture. However, not many researchers have paid attention to pressure ranges and suitable measurement procedures for improving the self-calibration and physical characteristics of the material used for footwear in relation to increasing human body weight. In the same way, the current commercial devices, which can extract these pressure ranges, are not very precise in their calculation of the body weight. Investigations have been done by [1, 2] on the impact of increasing body weight (obesity), which reported that there were disparities in the measurement of the peak plantar pressure in the regions affected by body weight. Moreover, the studies stated that the most significant factor that influenced the foot plantar pressure measurement was the increase in human body weight [3] and that clinicians dealing with foot problems should consider the effect of increased body weight on plantar loading in obese patients [4] .
From the review of these previous studies, it can be seen that the pressure range was not taken into consideration in pressure measurements using the current insole system. Therefore, a significant technique was necessary for attaining points in order to find a suitable pressure range when using the plantar system, particularly the minimum and maximum pressure values that are related to the body mass or the peak plantar pressure during walking and standing conditions. Thus, it was necessary to find the underfoot pressure ranges based on increasing body weight so that they can be used as a reference by other researchers to compare their results with the extracted results. These pressure ranges can also be used to differentiate between subjects with foot complications (e.g. diabetes) and without [5] .
In this paper, an insole plantar pressure device (IPPD) with applied optimisation techniques is proposed to measure underfoot pressure ranges. Measurement accuracy is then tested by using the data obtained in body weight calculations. This range is used as a measurement reference for other researchers to compare their result. A crucial aspect of this study design was the determination of the sample size. An a priori sample size calculation revealed that 12 subjects were required. Approval was granted by the University Putra Malaysia Human Research Ethics Committee for the use of experimental subjects for this study.
II. METHODOLOGY

A. System Overview
The proposed IPPD system is shown in Figure 1 . The sensors were distributed for 15 positions as shown in Fig. 1(a) . These positions are considered to be the most important positions for supporting body weight. The sensors selected were the Flexi force pressure sensors from Tekscan Company [6] , which provides infinite resistance value when no pressure is applied. When the applied force is increased, the value of the resistance in the sensor decreases. On the data sheet of the sensor, it is specified that the resistance of the sensor with no load is greater than 5 MΩ. One way to get the output out of a Flexi force sensor is to build a circuit that produces a voltage. The circuit, as shown in Figure 1 (b), is used to measure the sensor output by means of an op-amp. The feedback resistance is set at the same resistance of the sensor after calibration to ensure that the output voltage of the circuit is equal to the same output voltage when the same force that was used to calibrate the sensor is applied. Equation below is used to calculate the sensor output voltage.
In addition, the sensor driving circuit ( Fig. 1(b) ) was used to represent the sensor output in volts. Optimisation measurement techniques were applied with this proposed device to measure the pressure effectively. Fig. 1(c) represents the optimisation techniques that were applied with the IPPD. Experiments were conducted using these techniques to check the precision of the measurements in terms of weight calculations. Measurements of the underfoot pressure ranges were extracted using the IPPD and the information regarding the minimum and maximum applied pressure is illustrated in Fig. 1(d) .
B. Sensor Selection
The proposed IPPD and the sensor driving circuit are as shown in Figure 2 . An important step that had to be considered in the implementation of the insole system was determining the parameters of the material to be put on the effective area of the sensor to sense the pressure under the foot effectively. This material is known in this work as a spacer and its use was recommended by the manufacturer, Tek-scan [6] . The material type and thickness of the spacer are important factors to consider in order obtain accurate measurements. The thickness of this material should be suitable and unobtrusive for the user. An elementary experiment we performed showed that without the use of a spacer on the effective area, a higher measurement error occurred in the calculation of body weight compared to when a spacer was used. Further experiments were carried out to examine which material type and thickness is most suitable to achieve a lower measurement error. Plastic and rubber materials have been nominated as rigid materials to be put on the sensor during experiments whereas the most suitable thickness for the spacer material was found to be 0.55 mm.
It was necessary to calibrate the sensor in order to obtain measurements that were as accurate as possible [7] . Current insole system, the sensors were calibrated for their full range (without range considerations), while with the proposed IPPD; the sensors were calibrated for specific values. These specific values represented the maximum force that was applied to each point under the foot for the maximum sample weight.
After the sensors had been calibrated for a specific value, and the effective area of the distributed sensors had been calculated, a verification process was carried out using a spacer. Percentage of error between the applied weight using the Universal Testing Machine (Fig. 3 ) and the calculated weight using the distributed pressure sensors with three different conditions (using a plastic spacer with a thickness of 0.55 mm, using a rubber spacer with a thickness of 0.55 mm, and without using a spacer) was calculated. C. System Overview Self-calibration technique is an important procedure that must be applied with the sensors to maintain the same measurements. According to the recommendation of manufacturers and based on the properties of the sensors, the Flexi force pressure sensor needs to be re-calibrated or replaced with new sensors after a certain period [8] . Therefore, it was necessary to investigate the performance of the Flexi force pressure sensor after calibration in terms of the characteristics of the applied force and the output voltage. The self-calibration procedure can be represented by a Simulink circuit as shown in Figure 4 , where:
A: Flexi force pressure sensor as variable resistance B: The change in the sensor parameters after the elapsed time; C: The part that controls the input voltages based on the change in sensor parameters D: Output voltage of the sensor E: Op-amp representing the sensor driving circuit F: Feedback resistance After applying the self-calibration procedure, the required time to repeat the self-calibration process was tested to make a clear recommendation to future users. The selfcalibration procedure was applied to the sensor after a period to examine the linearity of the sensor output voltage versus the applied force, and the output voltage values from the sensor.
The investigation into the performance of the Flexi force pressure sensor was carried out as follows. The sensor was calibrated for a particular weight, the output voltage obtained was set, and the relationship between the output voltage and applied force was determined after a period of calibration. The performance of the sensor was monitored after one day and two days of calibration. A 25-lb Flexi force pressure sensor A201 was set and calibrated for an applied force of 110 N by following the normal procedure for sensor calibration. First, the sensor was conditioned for 110% of the total applied force. Second, the sensor was calibrated by applying 1/3 of the applied force at the same time, and then, 2/3 of the applied force. Finally, the required force was applied on the sensor for calibration. Then, the gain in the op-amp circuit used with this sensor was established and the feedback resistance was adjusted so that the maximum applied force of 110 N was equal to 5 V. Next, the force was applied to the calibrated sensor and the output voltage was measured. Finally, the relationship between the applied force and the output voltage was determined after one day and two days of calibration. The process of the performance of the sensor after calibration was illustrated and it showed the variation in the output voltage after a period of time.
III. RESULTS & DISCUSSIONS
An optimization measurement technique was applied with the IPPD for the calibration of the sensors with range considerations. The procedure for calculating the maximum value of the applied force under the touch area of the foot for the maximum body weight using the IPPD was explained in methodology section. Table 1 presents the values of the maximum applied force under the foot for 15 positions for the maximum body weight (100 kg) using the IPPD. Two of the highest pressure readings were recorded by the sensors at Position 1 and 2. This correlates with the fact that the ball of the foot bears most of the load when walking or standing. Also, the values in Table 1 represent the specific values in which the sensors were calibrated. For example, the sensor in position 15 was calibrated for the value of 14.7 N, which is equal to a weight of 1.5 kg. Therefore, the sensor in position 15 measured a pressure 147 KPA under the foot for the maximum measurement range.
A verification of the measurement precision was carried out by calculating the body weight using the insole system with two considerations of the sensor calibration explained with the sensors distributed for 101 positions [9] . Table 2 shows the comparison of the body weight calculated using the insole system in which the sensors were calibrated with and without range consideration. The results indicate that the accuracy is improved when the range is considered, with the average error percentage decreasing from 8.79% to 7.10%.
IV. CONCLUSIONS
Underfoot pressure ranges were measured using the proposed IPPD with the applying optimization techniques. It is important for researchers and clinicians to help them compare their results with a precise reference. It was proven that the optimization measurement techniques provided precision in terms of the calculation of the body weight after the enforcement the objectives of this research. The calibration of the sensor with range considerations resulted in an improvement in the measurements in terms of the calculation of the body weight using an insole system. The measurement error between the calculated body weight using a weighing scale and the calculated body weight using the insole system, in which the sensors had been calibrated for range considerations, was reduced to 7.10 %, compared to a measurement error of 8.79 % using the insole system in which the sensors were calibrated without range considerations.
Moreover, it was shown that there was an improvement in the calculation of the weight following the using of a spacer onto the sensors during the experiments. The experiments showed that plastic material, with a thickness of 0.55 mm, is suitable for use as a spacer when measuring the weight with less measurement error from the real value. Furthermore, the experiments showed that self-calibration was useful for maintaining the same measurement error.
